Polyamine (PA) metabolism was studied in liquid cultures of Scots pine (Pinus sylvestris L.) embryogenic cells. The focus of the study was on the metabolic changes at the interphase between the initial lag phase and the exponential growth phase. PA concentrations fluctuated in the liquid cultures as follows. Putrescine (Put) concentrations increased, whereas spermidine (Spd) concentrations decreased in both free and soluble conjugated PA fractions. The concentrations of free and soluble conjugated spermine (Spm) remained low, and small amounts of excreted PAs were also found in the culture medium. The minor production of secondary metabolites reflected the undifferentiated stage of the embryogenic cell culture. Put was produced via the arginine decarboxylase (ADC) pathway. Futhermore, the gene expression data suggested that the accumulation of Put was caused neither by an increase in Put biosynthesis nor by a decrease in Put catabolism, but resulted mainly from the decrease in the biosynthesis of Spd and Spm. Put seemed to play an important role in cell proliferation in Scots pine embryogenic cells, but the low pH of the culture medium could also, at least partially, be the reason for the accumulation of endogenous Put. High Spd concentrations at the initiation of the culture, when cells were exposed to stress and cell death, suggested that Spd may act not only as a protector against stress but also as a growth suppressor, when proliferative growth is not promoted. All in all, Scots pine embryogenic cell culture was proved to be a favourable experimental platform to study PA metabolism and, furthermore, the developed system may also be beneficial in experiments where, e.g., the effect of specific stressors on PA metabolism is addressed.
Introduction
Scots pine seed development represents an anatomically welldescribed zygotic embryogenesis with simultaneously occurring cell division and programmed cell death (PCD) (Filonova et al. 2002 , Hiratsuka et al. 2002 , Vuosku et al. 2009 ). In addition, as an orthodox seed, a developing Scots pine seed goes through maturation drying that causes severe oxidative stress (Buitink and Leprince 2008, Rajjou and Debeaujon 2008) . In pine species immature zygotic embryos surrounded by megagametophytes have been the most responsive explants for the initiation of somatic embryogenesis (SE) cultures (Handley et al. 1995 , Häggman et al. 1999 , Percy et al. 2000 , Pullman et al. 2003 , Miguel et al. 2004 , Niskanen et al. 2004 . SE culturing can be done throughout the year, the only exception being the initiation phase of the cultures. Therefore, SE provides a useful model for studying embryo development in conifers (Stasolla et al. 2004 ) as well as a method for vegetative propagation for many coniferous species (Jain and Gupta 2005, Klimaszewska et al. 2009 ) including Scots pine (Keinonen-Mettälä et al. 1996 , Häggman et al. 1999 , Lelu et al. 1999 , Niskanen et al. 2004 , Niemi et al. 2007 , Lu et al. 2011 . The culture of embryogenic cells in liquid medium scales up the somatic embryo production and enables the use of bioreactors (Gupta and Timmis 2005) . As systems in which cells respond in consistent way, minimizing variability, liquid cultures are advantageous in studies of many aspects of plant physiology and molecular biology (Azevedo et al. 2008) . Liquid cultures also allow the detection of chemical and physiological parameters (Astarita and Guerra 2000) and provide a controllable environment to carry out experimentation (McCabe and Leaver 2000) . Hence, liquid SE cultures have been employed for several conifer species (Boulay et al. 1988 , Hakman and von Arnold 1988 , dos Santos et al. 2002 , Silveira et al. 2004 , Azevedo et al. 2008 .
In the liquid SE cultures, the four growth phases generally succeed each other according to the increasing sigmoid function. The lag phase is considered a period during which cells become adjusted to the liquid medium, whereas in the exponential and linear phases the high number of cell divisions results in the rapid growth of the cell mass. In the stationary phase, the rate of cell divisions is gradually reduced (Silveira et al. 2004) . In cell cultures, the initial lag is observed as a delayed response of cells to a sudden change in the environment, whereas an intermediate lag occurs in inactivation processes during growth (Swinnen et al. 2004) . In yeast and bacterial cultures, the initial lag is considered to be a distinct growth phase during which cells modify themselves in order to take advantage of the new environment and actively prepare for exponential growth (Brejning and Jespersen 2002 , Brejning et al. 2003 , Swinnen et al. 2004 , Rolfe et al. 2012 ). In the liquid cultures of plant cells, the molecular mechanisms underlying the lag phase remain to be found.
Polyamines (PAs) regulate cell functions by promoting cell division, growth, differentiation or PCD, depending on the cell type and environmental signals (Wallace et al. 2003) . In plants, PAs frequently accumulated as a response to biotic and abiotic stresses (Kusano et al. 2008 , Alcázar et al. 2010 . The most common naturally occurring PAs are putrescine (Put), spermidine (Spd) and spermine (Spm), which are found in cells as free amines or as amide conjugates. In plants, Put is synthesized either directly by ornithine decarboxylase (ODC; EC 4.1.1.17) or during intermediate steps by arginine decarboxylase (ADC; EC 4.1.1.19), agmatine iminohydrolase (AIH; EC 3.5.3.12) and N-carbamoylputrescine amidohydrolase (CPA; EC 3.5.1.53). Spd and Spm are synthesized by the sequential addition of aminopropyl groups to Put via reactions involving S-adenosyl methionine decarboxylase (SAMDC; EC 4.1.1.50) as well as spermidine (SPDS; EC 2.5.1.16) and spermine synthases (SPMS; EC 2.5.1.22) (Tiburcio et al. 1997) . The characterized thermospermine synthase (TSPMS; EC 2.5.1.79) of Arabidopsis is closely related to SPMSs, which suggests that the synthesis of thermospermine (Tspm) resembles the formation of Spm (Knott et al. 2007 ). PA are catabolized by the action of amino oxidases, which include the copper-containing diamine oxidases (DAO; EC 1.4.3.6), oxidizing Put and the flavoproteincontaining polyamine oxidases (PAO; EC 1.5.3.3), which oxidize Spd and Spm (Tiburcio et al. 1997) . PA biosynthesis and catabolism pathways in plants are presented in Supplementary Figure  S1 available as Supplementary Data at Tree Physiology Online.
Previously, PAs have been connected to both zygotic and SE in conifers. During Scots pine zygotic embryogenesis, PA profiles fluctuate consistently. Generally, PA concentrations increase at the early stages but decrease at the late stages of embryogenesis. Only the free Put fraction remains stable during the embryo development (Vuosku et al. 2006) . Both the ADC mRNA and the ADC protein localize in dividing cells of embryo meristems, which suggests that ADC plays an essential role in mitosis (Vuosku et al. 2006) . Also in embryogenic cultures of pine species, endogenous PA levels fluctuate as SE proceeds. The proliferation phase has been combined with a high content of free Put compared with both Spd and Spm (Sarjala et al. 1997 , Minocha et al. 1999 . During the maturation phase, the Spd/Put ratio was found to increase in the cell line, which was able to complete somatic embryo formation (Minocha et al. 1999) . In Norway spruce (Picea abies L. (Karst.)) SE, the developmental stages ranging from the appearance of embryogenic suspensor mass until the early cotyledonary state were characterized by a significantly higher Spd than Put concentration and by the steadily increasing activities of PA biosynthetic enzymes (Gemberlová et al. 2009 ).
The aim of this study was to investigate the PA metabolism in Scots pine SE cells. For this purpose, we established a novel controlled liquid culture system with continuous monitoring of pH using the wireless SENBIT ® system (Vasala et al. 2006) . Moreover, the condition of the cultures was followed by basic indicators such as the conductivity of the culture medium and the proliferation rate, viability, nutrient uptake and secondary metabolite production of the embryogenic cell masses throughout the study period from the initial lag phase to the exponential growth phase. PA metabolism was investigated by analysing both free and soluble conjugated PA contents as well as the expression levels of the genes involved in PA biosynthesis (ADC, AIH, CPA, SPDS, SPMS and SAMDC) and catabolism (DAO and PAO). To get a view of the cell division intensity in Scots pine embryogenic cell culture, fragments of genes encoding an E2F transcription factor (E2F) and a retinoblastoma-related protein (RBR) were sequenced and the expression of the genes was studied. In addition, the expression of the catalase gene (CAT) related to protection against oxidative stress as well as the expression of the metacaspase (MCA) and TAT-D nuclease (TAT-D) genes related to PCD were analysed. 
Materials and methods

Establishment and cultivation of embryogenic cell line
One-year-old immature seed cones were collected from openpollinated elite Scots pine (Pinus sylvestris L.) clone K884 in Punkaharju, Finland (61°48′N; 29°17′E) during one growing season as described in detail in Vuosku et al. (2009) . Immature seeds were dissected from the developing cones and the seed coat was removed. Embryogenic cultures were established using immature zygotic embryos with suspensor tissues surrounded by the megagametophyte. The inoculation, induction and proliferation of the embryogenic cell masses were carried out as described in Sarjala et al. (1997) on a solid basal DCR medium (Gupta and Durzan 1985) modified by Becwar et al. (1990) at room temperature in the dark. In the inoculation and induction stages, DCR medium was gelled by 4 g l −1 Phytagel™ (Sigma-Aldrich Co., St Louis, MO, USA), whereas in the stage of proliferation the amount of Phytagel™ was decreased to 2.5 g l −1 .
Liquid cultures
After 2 weeks culturing on solid DCR medium, embryogenic cells were transferred into liquid DCR medium. The pH value of the culture medium was adjusted to 5.8 before autoclaving. In the initiation of the suspension cultures, 2 g of embryogenic cell mass was mixed with 50 ml of DCR medium and transferred into a 250 ml Erlenmeyer bottle that was sealed with silicone sponge closures (Sigma-Aldrich Co., St. Louis, USA). The main cultivation experiment was conducted with 28 bottles and the cultivation experiment was then repeated three times with 14 bottles on each round. The embryogenic cell suspensions were cultured on a shaking table at room temperature in the dark.
In the main cultivation experiment with 28 bottles, the samples were taken randomly 3, 6, 9 and 14 days after the initiation of the suspension cultures. Throughout the experiment, pH was continuously measured from four separate bottles with the SENBIT ® system. To get enough material for several analyses, the contents of two bottles were combined and filtered for each sample. On each sampling day, three independent samples were taken for cell mass weight, total RNA isolation, PA extraction and secondary metabolite analyses. From the filtered medium, pH and conductivity were measured and the samples for PA extraction and secondary metabolite analyses were taken (Supplementary Figure S2 available as Supplementary Data at Tree Physiology Online). In addition to the main experiment, three replicate experiments with 14 bottles in each were carried out to study the viability and the nutritional status of the cells during the cultivation. The extended cultivation period of 4 weeks allowed the nutrient levels to decrease so that the preferences of different forms of nitrogen could be evaluated. The samples for the viability analyses were taken after 3, 6, 9 and 14 days from the beginning of the 2-week cultivation. The samples for nutrient analysis (culture filtrate) and biomass growth were taken after 3, 6, 9 and 14 days from the beginning of the 2-week cultivation and after 7, 14, 21 and 28 days from the beginning of the 4-week cultivation. Throughout the replicate experiments, pH was continuously measured from two separate bottles with the SENBIT ® system.
Measurement of pH and conductivity in culture medium
Throughout the cultivations, pH was continuously monitored in the cultures with the SENBIT ® wireless system (teleBITcom GmbH, Teltow, Germany). The cultures were made in Erlenmeyer-type shake flasks with three side necks for the sensors and sampling (Glasgerätebau Ochs GmbH, Bovenden, Germany). Prior to the experiments, the pH electrodes (autoclavable polarographic pO2-sensor, Medorex e.K. AG, Nörten-Hardenberg, Germany) were calibrated with standard pH solutions 4 and 7, after which the sensors were autoclaved (121 °C, 20 min). The sensors were directly attached to transmitters that had an antenna and a data accumulator. The transmitters read and amplified the electrical signal, converted it to a digital form and sent the values to the receiver unit by using 433 MHz frequency. The SENBIT ® receiver unit was connected to a computer with USB interface and it was set to monitor the cultures every 90 s. The data management was made with SENBIT ® Control software. In addition, pH values and the conductivity of the culture medium were determined from the filtered samples using a Metrohm 744 pH meter (Metrohm Ltd., Herisau, Switzerland) and an ATI Orion Model 170 conductivity meter (ATI Orion, Boston, MA, USA) on every sampling date.
Measurement of relative growth
The relative growth rate of embryogenic cell masses per day (R G , % dry weight (DW) increase per day) in the 4-week cultivation was calculated on the basis of weighing at harvest, where W1 = initial biomass at harvest time t 1 (DW), W2 = biomass at the harvest time t 2 (DW) and t = t 2 -t 1 , time of the growth (days), R G (%) = 100 × (lnW2 − lnW1)/t (Ingestad and Lund 1986) .
Cell viability analysis
The viability of embryogenic cells was determined by the commonly used biochemical marker 2,3,5-triphenyl tetrazolium chloride (TTC) staining (Towill and Mazur 1975) , which is based on the reduction of tetrazolium salts to red coloured end products in viable cells (Supplementary Figure S3 available as Supplementary Data at Tree Physiology Online). 2,3,5-Triphenyl tetrazolium chloride is reduced by mitochondrial dehydrogenases and forming red colour implies mitochondrial activity of the cells (Zapata et al. 1991) . The test was done according to Mikula et al. (2006) with slight modifications. Three 0.2 g cell samples from every bottle were collected and washed with 1.5 ml sterilized water for 3 h. Thereafter, cells were centrifuged at 3000 g for 5 min and the water was replaced with 1.5 ml of TTC solution (0.6% TTC in Tris buffer, pH 7.5). Cells were incubated for 24 h at 30 °C in the dark and then washed with distilled water to remove TTC. Red coloured formazan was released from cells by incubating them at 85 °C in 100% ethanol for 15 min. Cells were spun down and 500 µl of supernatant was diluted with 1 ml of Tris buffer. Absorbance was measured by a spectrophotometer at 485 nm wavelength (Jenway Genova MK2 Life Science Analyser, Dunmow, Essex, UK).
Analysis of PAs and secondary metabolites from SE cultures
For the PA analyses, samples of 0.2-0.3 g fresh weight (FW) from the SE cultures were extracted in 5% (w/v) HClO 4, and 10 ml of the culture filtrate was freeze-dried and dissolved in 5% (w/v) HClO 4 to analyse free and soluble conjugated PAs from the supernatant of the centrifuged extracts. PA dansyl derivatives were analysed with high-performance liquid chromatography (HPLC) (Merck-Hitachi, Darmstadt, Germany) as described in Fornalé et al. (1999) .
For phenolic secondary compound analyses and determination of concentrations of tryptophan, the compounds were extracted from the freeze-dried cell mass samples of 15-75 mg with methanol as described by Häggman et al. (2003) . Freeze-dried culture media samples were redissolved in methanol : milli-Q H 2 O (1 : 1) for chemical analyses. Compounds were analysed from the extracts and media by HPLC (Agilent, Series 1100), consisting of a binary pump (G1312A), a thermostated autosampler (G1329A), a thermostated column oven (G1316A) and a diode array detector (G1315B). The compounds were separated by using a Hypersil ODS, 4.6 × 60 mm column (Agilent Technologies, Palo Alto, CA, USA). Samples were eluted (flow rate 2 ml min −1 ) using the water-methanol gradient (Julkunen-Tiitto and Sorsa 2001). The autoinjection volume was 30 µl for the cell mass and 40 µl for the culture media samples. All runs were performed at 30 °C. Phenolic metabolites were identified by comparing their retention times and ultraviolet spectrum (at 270 and 320 nm) with those of the standards. The quantification was based on tryptophan for tryptophan and its derivative; chlorogenic acid for chlorogenic acid derivative and p-OH-cinnamic acid derivatives; naringenin-7-glucoside for naringenin derivative and (+)-catechin for lignan and lignan derivative.
RNA isolation and reverse transcriptase polymerase chain reaction
Total RNA was extracted for the gene expression studies from the embryogenic cell masses (30 mg) using the automated magnetic-based KingFisher™ mL method (Thermo Electron Corporation, Madison, WI, USA) with the MagExtractor ® total RNA purification kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. The RNA samples were treated with RNase-free DNase (Invitrogen, Carlsbad, CA, USA) at the room temperature for 15 min for the elimination of contaminating genomic DNA, after which the RNA samples were purified with the NucleoSpin ® RNA Clean-Up kit (Macherey-Nagel, Duren, Germany). The RNA yields were measured three times with OD 260 analysis using GeneQuant pro (Amersham Pharmacia Biotech, Cambridge, UK), and 1 µg of each RNA sample was subsequently used for the generation of a stable cDNA pool for the gene expression analyses. cDNA was reverse-transcribed from an anchored oligo-dT primer by SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using standard methods in a reaction volume of 20 µl.
cDNA cloning and sequencing
The polymerase chain reaction (PCR) primers for the amplification of the cDNA fragments of the putative Scots pine E2F and RBR genes are presented in Supplementary Table S1 available as Supplementary Data at Tree Physiology Online. They were designed based on the Pinus expressed sequence tag sequences which were selected on the basis of similarity at the nucleotide or amino acid level with genes isolated earlier from other plant species. Expressed sequence tag sequences were aligned together to yield either an entire protein coding sequence of the corresponding gene or a cDNA fragment that was as long as possible. The fragments were amplified by standard PCR using zygotic embryo cDNA as a template and DyNAzyme™ EXT polymerase (Finnzymes, Espoo, Finland). The fragments with appropriate length were gel-purified using the Montage DNA Gel Extraction Kit (Millipore Corporation, Billerica, MA, USA) and cloned using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Five clones from each gene fragment were sequenced using an Applied Biosystems (Foster City, CA, USA) 3730 DNA analyzer.
Quantitative real-time reverse transcription-PCR analyses of mRNA transcripts
Prior to the quantitative determinations of mRNA transcripts, the primers were tested with traditional PCR amplification and subsequent agarose gel electrophoresis. Although several ODC specific primer pairs were tested, no visible PCR products from the ODC gene were achieved (Supplementary Figure S4  available 
sequences. The PCR primers for the Scots pine putative E2F and RBR genes were designed on the basis of the sequence data discovered in this study.
Being aware of the challenge to find appropriate reference or housekeeping genes to be used as internal standards in Q-RT-PCR during pine embryogenesis (Gonçalves et al. 2005) , absolute quantification with external RNA standards was chosen as a method for the gene expression studies. At first, the DNA templates from which the RNA standard molecules could be transcribed were synthesized by standard PCR amplification with DyNAzyme™ EXT polymerase (Finnzymes). The plasmid DNAs containing the fragments of the genes in question served as the template in PCR reactions. The upstream primers contained T7 promoter sequence (TAATACGACTCACTATAGGG) and the downstream primers contained a poly (T) tail at their 5′-end. Thus, a T7 promoter sequence and a poly (T) tail were added to the DNA template molecules. The DNA templates were gel-purified using the DNA Gel Extraction Kit (Millipore Corporation) and 250 ng was subsequently used as a template DNA for in vitro transcription by T7 RNA polymerase (Invitrogen). The in vitro synthesized RNA standards were treated with DNAse, purified and measured. Because the synthesized RNA molecules contained poly (A) tails, they could be reverse-transcribed in the same way as the extracted total RNA samples. The number of standard RNA molecules added to the reverse-transcription reaction was 10 11 . The weight of standard RNA (in nanograms) equivalent to 10 11 was calculated using the molecular weight of oligonucleotide and Avogadro's constant (6.022 × 10 23 mol −1 ). After the reverse transcription, dilution series were made and used as the external standard in Q-RT-PCR.
The amplification conditions of the gene fragments were optimized for the LightCycler ® 2.0 instrument (Roche Diagnostics, Espoo, Finland), and the subsequent PCR runs showed a single PCR product during the melting curve and electrophoretic analysis. The real-time PCR amplifications were performed using the FastStart DNA Master SYBR Green I real-time PCR kit (Roche Molecular Biochemicals, Mannheim, Germany), 50 nM genespecific primers and 2 µl cDNA (1 : 10 dilution) in a reaction volume of 20 µl. The real-time PCR amplification was initiated by incubation at 95 °C for 10 min followed by 40 cycles: 10 s at 95 °C, 10 s at 58 °C and 5 s at 72 °C.
Nutrient analysis of the culture filtrate
After removing cells from the medium, the concentrations of NH 4 -N and NO 3 -N in the filtrate were analysed by flow injection analysis (FIA Star 5020, Tecator, Hillerød, Denmark). Concentrations of K, S, P, Ca, Mg, Zn, Mn, Fe, Cu and B from the filtrate after 2 weeks' growth were analysed on a TJA Iris AP HR-DUO-ICP emission spectrometer (Thermo Jarrell Ash Corporation, Franklin, MA, USA) based on the SFS-EN ISO 11885 ICP method.
Statistical methods
The statistical analyses were conducted using the R Commander (Fox 2005) in the R Software Package 2.5.1 (http://www.rproject.org) (Ihaka and Gentleman 1996) . The correlation between the FWs of Scots pine embryogenic cell masses after 3, 6, 9 and 14 days from the beginning of the cultivation and free Put/Spd ratio or pH or conductivity was estimated using the Spearman's rank correlation rho. The concentrations of individual phenolics and tryptophan in embryogenic cell masses and culture media samples between different sampling points were analysed with the parametric two-sample t-test or with the Wilcoxon rank sum test with the Bonferroni correction.
Results
Cell proliferation negatively correlated with pH and conductivity
During the cultivation, the pH value in the culture medium with embryogenic cells as well as the pH value in the filtered culture medium fluctuated consistently. At the beginning of the cultivation, the pH value was ~5.5. During the first 3 days of cultivation, the pH value declined to 4.5, after which the decrease slowed down. Between 6 and 9 days of cultivation, there was a slightly increasing trend in the pH value, but during the last 3 days of cultivation a decrease in the pH value was clear (Figure 1a , Supplementary Figure S5 available as Supplementary Data at Tree Physiology Online). The conductivity in the culture medium remained stable for 9 days. Thereafter, the conductivity rapidly decreased (Figure 1b) .
Between Days 3 and 6 of cultivation, the FWs of the Scots pine embryogenic cell masses increased ~1.2 g (Figure 2a ), corresponding to a 41% increment, Thereafter, the growth of the embryogenic cell masses was arrested until the last 5 days of cultivation when the FW doubled, finally being 7.7 ± 3.7 g. The FWs of the embryogenic cell masses showed negative correlation both with pH (Spearman's rho = −0.96, P ≤ 0.05) and with conductivity (Spearman's rho = −0.62, P ≤ 0.05) during the 2-week cultivation. The proportion of viable cells in the cell masses increased between Days 3 and 9, but stayed thereafter stable during the last 5 days of cultivation, when the cell masses were at the exponential growth phase (Figure 2b ).
Nutrient uptake in relation to the relative growth rate of SE culture
The R G of Scots pine embryogenic cell masses in liquid culture increased from 2.6 to 4.6% between 6 and 14 days after the start of the cultivation. At the end of the cultivation, after 28 days, the R G was 7.4% day −1 , which corresponds to a duplication time of ~8 days.
The experiment was repeated to study the nutritional situation of embryogenic cells during the cultivation and to reveal the possible relation between the nitrogen metabolism and pH value of culture medium. During the 2-week period in liquid culture, the pH value of the culture medium fluctuated, which gave us reason to hypothesize that this was due to the low buffer capacity of the culture medium (Mengel and Kirkby 2001) . The pH value might decrease because of the hydrogen ions excreted by the embryogenic cells during the ammonium uptake. However, at the end of the 2-week cultivation, the concentrations of K (8.5 mg), S (2.3 mg), Ca (5.8 mg), Mg (1.7 mg), Zn (0.16 mg), Mn (0.37 mg), Fe (0.16 mg) and B (0.05 mg) in 50 ml of the culture filtrate showed only minor changes in comparison with the initial level. Only the Cu and P concentrations in the 50 ml culture filtrate decreased from 0.75 µg to 0.50 µg and from 2.03 to 1.85 mg, respectively.
During the prolonged 4-week SE cultivation, both inorganic N forms, NO 3 -N and NH 4 -N, were utilized rather equally by the embryogenic tissue in response to the growth increment of the cell mass (Supplementary Figure S6 available as Supplementary Data at Tree Physiology Online). The initial concentration of NO 3 -N in DCR medium was 2.6 times higher than that of NH 4 -N, and it can therefore be postulated that NH 4 -N deprivation occurs faster than that of NO 3 -N when the growth of biomass is prolonged. Additional 
Changes in PA and secondary metabolite contents during cultivation
Free Put and Spd were the most abundant endogenous PAs in the embryogenic cell mass after 3 days cultivation. During the 2-week cultivation, both free and soluble conjugated Put concentrations increased significantly, whereas free and soluble conjugated Spd concentrations decreased (Figure 3 ). The present study does not distinguish between Spm and possible Tspm. Concentrations of free and soluble conjugated Spm/ Tspms of the cell mass were low during the whole cultivation period (≤26 nmol g FW −1 ) (Figure 3) . Free Put/Spd ratio changed between Days 3 and 14 from 0.9 to 11.4 showing positive correlation (Spearman's rho = 0.84, P ≤ 0.05) with FWs of the cell masses. Very low amounts of PAs could be found in the culture filtrate. After 14 days of cultivation, free Metabolic processes in pine embryogenic culture 1279 Put showed a slight increase in the filtrate but was still <4 nmol g FW −1 .
The changes in the composition of liquid culture media and the Scots pine embryogenic cell masses were followed for 2 weeks, focusing on phenolics generally found in Scots pine seedlings and adult trees. Altogether, three cinnamic acid derivatives (chlorogenic acid derivative, p-OH-cinnamic acid derivatives 1 and 2), lignan and one lignan derivative, a flavonoid (naringenin derivative) and tryptophan and tryptophan derivative were found in the Scots pine embryogenic cell masses (Supplementary Figure S7 available as Supplementary Data at Tree Physiology Online). The very same phenolics, tryptophan and tryptophan derivative were also found to be present in the culture media samples, except for the p-OH-cinnamic acid derivative 2. There was a relatively large variation between the three biological replicates in the levels of the compounds in both the culture media and in the cell mass samples. The cinnamic acid and lignan derivative concentrations followed a somewhat similar pattern to the growth curve of the embryogenic cultures during the 14 days of cultivation (Supplementary Figure S7 available as Supplementary Data at Tree Physiology Online). A statistically significant (P ≤ 0.05) increase was detected in the concentrations of lignan and lignan derivative, naringenin derivative and p-OH-cinnamic acid derivative 1 between the cell mass samples of Days 3 and 14. Similarly, naringenin derivative and lignan concentrations also increased during the cultivation in the culture media, but the differences were not statistically significant.
Gene expression profiling of PA metabolism
The expression of the genes involved in PA biosynthesis (ADC, AIH, CPA, SPDS, SPMS and SAMDC) and catabolism (DAO and PAO) was studied during the 2-week cultivation period (Figure 4) . The ADC pathway was found to be the main route to produce Put in Scots pine embryogenic cells. No PCR fragments could be amplified from the ODC gene when cDNA from embryogenic cells was used as a template (Supplementary Figure S4 available as Supplementary Data at Tree Physiology Online). According to the result, ODC is not expressed in Scots pine embryogenic cells during lag and exponential growth phases and therefore the ODC gene was excluded from further Q-RT-PCR analyses. The expression of all PA biosynthetic genes increased between Days 3 and 6. Thereafter, their expression first decreased between Days 6 and 9 and then remained relatively stable. From the genes involved in PA catabolism, the expression of DAO increased throughout the whole cultivation period, whereas the expression of PAO remained quite constant.
Cell cycle-, oxidative stress-and PCD-related gene expression
In the present study, 1146 and 1254 bp long cDNA fragments from the Scots pine putative E2F and RBR genes were sequenced and submitted to the NCBI GenBank under accession numbers JN835463 and JN835464, respectively. The expression profiles of the cell cycle-related genes, E2F and RBR, were similar: the expression increased between Days 3 and 6, after which the expression slightly decreased between Days 6 and 9 and remained at this level to the end of the cultivation ( Figure 5) .
Also the expression of PCD-related genes, MCA and TAT-D, increased between Days 3 and 6. Thereafter, the expression of both genes clearly decreased between Days 6 and 9, and the expression of TAT-D remained at this level, whereas the expression of MCA showed a slightly increasing trend until the end of the cultivation. The expression of the oxidative stress-related CAT gene increased between Days 3 and 6, decreased slightly between sampling Days 6 and 9 and increased again during the last part of the growing period ( Figure 5 ). 
Discussion
In the present work, we used Scots pine embryogenic cell culture as an experimental platform to study PA metabolism at the interphase between the initial lag phase and exponential growth phase characterized by extensive cell proliferation. The liquid cell culture with the SENBIT ® wireless system turned out to be beneficial in studying PA metabolism in pine SE cells. Besides, the experimental platform enables the investigations on various aspects of plant cell metabolism and the usage of specific factors/elicitors.
Continuous pH measurement favours optimal timing for sampling
Several growth parameters such as medium conductivity, pH, osmolarity, settled cell volume and packed cell volume have been used for evaluating growth in the liquid SE cultures of coniferous species (Lulsdorf et al. 1992) . In the present study, Scots pine embryogenic cells were cultivated in a liquid system with continuous monitoring of the pH value. During the 2-week cultivation, the pH value followed a constant decreasing profile. In addition, a negative correlation (Spearman's rho = −0.96) between pH and the FWs of the embryogenic cell masses was evident. A negative correlation was found also between conductivity and FWs of the embryogenic cell masses. Previously, the measurement of pH value has been suggested for the evaluation of growth in plant cell suspension cultures in several reports (Hahlbrock and Kuhlen 1972 , Davis et al. 1984 , McDonald and Jackman 1989 . The measurement of medium conductivity has also been recommended as a growth parameter for plant cell suspension cultures, because it has been found to be closely correlated with dry or fresh weight (Hahlbrock and Kuhlen 1972 , Taya et al. 1989 , Ryu et al. 1990 ). Both the measurements of conductivity and pH value are accurate and non-destructive methods that allow continuous monitoring in bioreactors. Our results suggest that in Scots pine SE cultures the continuous pH measurement may favour the optimal timing for sampling or experimental treatments.
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PA metabolism and secondary metabolites in Scots pine embryogenic cells
The PA metabolism was studied in Scots pine SE cultures during the lag and exponential growth phases. Generally, plants use both the ADC and ODC pathways to produce Put. However, the ADC pathway is clearly preferred in the biosynthesis of Put in the developing zygotic embryos of Scots pine (Vuosku et al. 2006) as well as in the mature zygotic embryos of Norway spruce (Gemberlová et al. 2009 ), whereas during Norway spruce somatic embryo development, ODC is mainly responsible for Put production (Gemberlová et al. 2009 ). In the present study, we found that similarly to the zygotic embryos of Scots pine (Vuosku et al. 2006) , also in Scots pine embryogenic cells Put is almost solely produced by the ADC pathway which may facilitate the experimental manipulation of the PA metabolism. Despite the accumulation of Put into SE cultures during extensive proliferation, the expression of the genes in the ADC pathway (ADC, AIH and CPA) remained stable or increased only slightly, whereas the expression of SPDS and SPMS decreased. The expression of DAO increased during the whole culturing period. The concurrent increase in both free and soluble conjugated Put as well as the concurrent decrease in both free and soluble conjugated Spd suggested that PA conjugation was not a way to regulate the free PA pool. The accumulation of Put seemed to be mainly a consequence of the decrease in the biosynthesis of Spd and Spm, but it is possible that Spd was also converted back into Put for proliferative growth. The predicted Scots pine PAO protein shows 42% identity with Arabidopsis AtPAO1 (Vuosku 2011) , which was the first plant PAO reported to be involved in a PA backconversion pathway (Tavladoraki et al. 2006 ). In addition, AtPAO3 catalyses the oxidative conversion of Spm to Spd and Spd to Put (Moschou et al. 2008) , whereas AtPAO4 catalyses only the conversion of Spm to Spd in Arabidopsis (Kamada-Nobusada et al. 2008) . However, the low amount of PAO mRNA transcripts suggested that neither catabolism nor back-conversion of the higher PAs played a major role in the regulation of the PA metabolism in Scots pine embryogenic cells.
Exponential growth phase: interplay of pH, cell proliferation and Put
In this study, high free and soluble conjugated Put concentrations were found in proliferating Scots pine SE culture, which is in accordance with our previous report (Sarjala et al. 1997) , and have also been found in radiata pine (Pinus radiata D. Don) SE cultures (Minocha et al. 1999) . In the present study, both free and soluble conjugated Put increased throughout the cultivation time. The localization of ADC mRNA transcripts and ADC protein in the dividing cells of the meristems in Scots pine zygotic embryos (Vuosku et al. 2006) as well as the high Put concentration in proliferating embryogenic cells implicate an important role for Put in Scots pine cell proliferation. Furthermore, a high endogenous Put concentration may stimulate cell proliferation instead of differentiation. The minor secondary metabolite production also reflects the low level of differentiation of Scots pine embryogenic cell cultures. Previously, a high Put concentration has been connected to extensive cell division in both plants (Eller et al. 2006 ) and animals (Pietilä et al. 2005) .
In mammals, the retinoblastoma susceptibility gene product, known as the first tumour suppressor protein (pRB) (Friend et al. 1986) , plays a central role in the regulation of the cell cycle (Weinberg 1995) , differentiation (Macaluso et al. 2006) , cellular senescence (Funayama and Ishikawa 2007) as well as apoptotic pathways (Harbour and Dean 2000) in certain cell types. The RB protein prevents cell division by suppressing the transition from G1 to S phase in the cell cycle, at least partly, through the inhibition of E2F transcription factors. In plants, the RB-related proteins (RBRs) display amino acid sequence similarity and biochemical binding properties analogous to their mammalian homologues and appear to work in a similar way (Dinneny and Benfey 2005 , Inzé 2005 , Miskolczi et al. 2007 ). In Scots pine, the RBR/E2F pathway is connected to zygotic embryo development (unpublished data), but the pathway is functioning in embryogenic cells also during proliferative growth, as shown in the present study. In the initiation of the cultivation, the numbers of the RBR and E2F mRNA transcripts increased in embryogenic cell mass, after which they, however, remained stable despite the fact that the culture reached the exponential growth phase with a high amount of dividing cells. This result is in agreement with previous findings revealing that in mammalian cells the pRB protein is abundant during all phases of the cell cycle and exhibits only slight variation at the gene expression level but significant differences in the protein phosphorylation status (Miskolczi et al. 2007) .
Ammonium is usually the main nitrogen form available for forest trees in the boreal zone characterized by acidic soil. In nutrient uptake experiments, Scots pine shows higher ammonium than nitrate uptake rates (Malagoli et al. 2000) . Ingestad (1979) suggested a NH 4 -N/NO 3 -N ratio of 42/58 as the optimum in nutrient solution for Scots pine seedlings and reported growth reduction with pure NO 3 -N nutrition. In field and nutrient solutions, the role of tree roots is important in the assimilation of NH 4 -N and NO 3 -N. However, NH 4 + to NO 3 − uptake of the embryogenic cells in liquid cultures probably differs from that found in the roots. In a nutrient uptake experiment with Norway spruce, a shift from NH 4 + to NO 3 − uptake was correlated with a shift from H + production to H + consumption in the solution (Marschner et al. 1991) . Previously, a relation between the nitrogen metabolism and pH value of culture medium has been reported also in embryogenic cell cultures of cyclamen (Hvoslef-Eide et al. 2005) . Furthermore, in wheat and pepper plants, the accumulation of free Put has been connected to the negative effects caused by ammonium nutrition (Houdusse et al. 2008) . In the present study, we found that Scots pine embryogenic cells did not prefer ammonium over nitrate. Instead, both N forms were utilized from the culture medium until the depletion of NH 4 + at the end of the cultivation. The other nutrients (K, S, P, Ca, Mg, Zn, Mn, Fe, Cu and B) were at a sufficient level throughout the cultivation period.
In loblolly pine (Pinus taeda L.) SE culture growing in a growth regulator-free liquid medium, a high level of endogenous Put was associated with cell-growth reduction (Silveira et al. 2004 ). Different abiotic stresses, such as high salinity (Liu et al. 2006) , cold (Cuevas et al. 2008) , drought (Capell et al. 2004 ) and acidity (Young and Galston 1983) are known to induce increase in Put content. Potassium deficiency was one of the first reported stress conditions to cause accumulation of Put in barley (Hordeum vulgare L.) (Richards and Coleman 1952) . Both in field and nutrient uptake experiments, potassium deficiency has been shown to cause Put accumulation in Scots pine needles and roots (Sarjala and Kaunisto 1993) and reduced growth of seedlings (Sarjala 1996) . In the present study, the conductivity of the culture medium decreased simultaneously with the extensive proliferation of embryogenic cells, which implicated an incipient nutritional depletion at the end of the cultivation. However, the embryogenic cells did not suffer from a lack of potassium, which showed a stable level. The accumulation of Put during the proliferation phase did not thus reflect potassium deficiency, nor was it caused by excess ammonium. However, the pH value of the culture medium was low at the end of the culturing, and Scots pine embryogenic cells might grow under acid stress, which may, at least partially, be the reason for the accumulation of endogenous Put.
Does Spd play a dual role?
Previously, Spd has been found to be the main PA in Scots pine zygotic embryos (Vuosku et al. 2006) 
as well as in zygotic and
Metabolic processes in pine embryogenic culture 1283 somatic embryos of radiata pine (Minocha et al. 1995 (Minocha et al. , 1999 . In the SE of pine species, exogenous Spd has been reported to retard cell proliferation but enhance a morphogenetic evolution of aggregates from the proembryogenic mass as well as somatic embryo maturation (Niemi et al. 2002 , Silveira et al. 2006 . Although the accumulation of Put during stress conditions is a common response, many studies have also suggested that Spd or Spm may be more effective protectors against stress-induced damages than Put (Kasukabe et al. 2004 , Jiménez-Bremont et al. 2007 , Wen et al. 2008 .
In the present study, the increased expression of the oxidative stress-and PCD-related genes suggested that Scots pine embryogenic cells were exposed to severe stress and cell death at the initiation of the liquid culturing. Increase in ion concentrations in the culture filtrate also referred to nutrient release from dying cells. During the extended lag phase, the improvement in the viability of the cell cultures indicated that cells adjusted to the liquid cultivation. Thereafter, the proportion of living cells remained stable, when the cultures reached the exponential growth phase. Both free and soluble conjugated Spd concentrations as well as the free Spm concentration were at the highest level in the initiation of the SE culture, whereas the concentration of soluble conjugated Spm was initially low and remained stable during the culturing. The stress and retarded growth were also reflected as a low free Put/Spd ratio, whereas during the proliferation phase the ratio increased, showing positive correlation with FWs of the cell masses (Spearman's rho = 0.84). Both our present and previous results (Sarjala et al. 1997 , Niemi et al. 2002 suggest that in the Scots pine embryogenic cells Spd may be involved in both stress tolerance and differentiation mechanisms. Spd may act as a cellular protector against a variety of endogenous and/or environmental stress challenges, but also as a growth suppressor when proliferative growth is not promoted due to stress or differentiation signals.
Plants possess SPMS encoding genes as well as ACL5 genes, which putatively encode TSPMS. In Arabidopsis, the expression of the AtACL5 gene was classified as organ-specific and stress-repressible (Urano et al. 2003) , whereas AtSPMS was expressed in all Arabidopsis organs (Hanzawa et al. 2002) and was stress-inducible (Urano et al. 2003) . So far, all plant species, including gymnosperms and the moss Physcomitrella patens, have been found to possess sequences identifiable as SPDS or ACL5, but so far SPMS sequences have only been found in angiosperms (Minguet et al. 2008) . Thus, in the case of Scots pine, the occurrence of Tspm instead or in addition to Spm cannot be excluded. Kitashiba et al. (2005) found that in the suspension cells of apple (Malus sylvestris (L.) Mill. var. domestica (Borkh.) Mansf.), the expression of MdSPMS varied according to fluctuation in cell growth rate. The expression of MdSPMS was high 2 days after the initiation of the apple suspension cell culture during the initial stationary stage, decreased gradually during the exponential growth stage and then increased again, reaching a peak on Day 20, when the cells had entered into a second stationary stage and a subculture was required for further growth. Interestingly, the expression of MdACL5 was not detected over the culture period (Kitashiba et al. 2005) . In the present study, the expression of the Scots pine SPMS/ACL5 gene was detected during the whole cultivation, but it was lower than the expression of the ADC, SPDS or SAMDC genes, and the content of putative Spm/ Tspm in the cells was small compared with Put or Spd. SPMS may improve plant fitness in different kinds of stress situations, but if the SPMS gene is lacking the protective function may be served mainly by SPDS. This may at least partially explain the high Spd concentrations in Scots pine embryogenic cells soon after their transfer into liquid medium.
Conclusion
In the present study, we characterized the liquid pine SE culture system with specific focus on the PA metabolism during the interphase between the intial lag phase and the exponential growth phase. The results suggest that Put participates in cell proliferation, whereas Spd seems to play a dual role as a protector against stress and a growth suppressor when cells are not ready for proliferative growth. The accumulation of Put in proliferating embryogenic cells seems to mainly result from the decrease in the biosynthesis of Spd and Spm/Tspm. Overall, the Scots pine embryogenic cell culture was found to be a beneficial experimental platform to study various aspects of plant cell metabolism.
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